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Abstract 33 
 34 
$OWKRXJKD³UKL]RVSKHUHHIIHFW´RQGHQLWULILFDWLRQUDWHVhas been established, a clear 35 
understanding of the effects of exudate addition on denitrifier community dynamics remains 36 
elusive. A microcosm experiment was designed to explore the interaction between exudate 37 
addition and soil moisture on community dynamics and denitrification rates. Artificial root 38 
exudate at 5 different carbon concentrations was added daily to soil microcosms at 39 
contrasting target WFPS (50, 70 and 90%). After a 7-day period, total denitrification and N2O 40 
emission rates were measured and community dynamics assessed using molecular 41 
methods. The response of denitrifier genes to exudate addition was different, with nirS and 42 
nosZ-I showing a stronger effect than nirK and nosZ-II. Distinct community structures were 43 
observed for nirS and nosZ-I at 90% target WFPS when compared to 50% and 70%. NirS 44 
denitrifier population size showed a ca. 5-fold increase in gene copy number at 90% WFPS 45 
when exudate was added at the highest C input. Significant total denitrification and N2O 46 
emission rates were observed only at 90% WFPS, which increased with C input. Our study 47 
improves the understanding of the complex interaction between microbial communities, the 48 
abiotic environment and process rates which can inform management practices aimed at 49 
increasing complete denitrification and controlling greenhouse gas production from 50 
agriculture.  51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
 60 
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1. Introduction 61 
 62 
Denitrification is a respiratory microbial process in which nitrate (NO3
-) or nitrite (NO2
-) are 63 
reduced to nitrogen gases (NO, N2O and N2) under oxygen limiting conditions (Tiedje, 1988; 64 
Philippot et al., 2007). It allows the maintenance of respiration through the use of nitrogen 65 
oxides as alternative electron acceptors (Zumft, 1997). This process is of great importance 66 
as, in addition to leading to significant N losses in agricultural systems (Rheinbaben, 1990; 67 
Shcherbak et al., 2014), it has negative environmental effects due to nitrous oxide (N2O) 68 
production (Mosier et al., 1998; Bouwman et al., 2013). N2O is an important greenhouse gas 69 
with a 100-\HDUZDUPLQJSRWHQWLDO§JUHDWHUWKDQWKDWRIFDUERQGLR[LGH(Forster et al., 70 
2007) and has also been shown to contribute to ozone layer depletion (Cicerone, 1987). 71 
Atmospheric N2O levels have increased by 19% since pre-industrial times with current 72 
estimates suggesting that agricultural soils contribute as much as 50-60% of N2O global 73 
emissions (IPCC, 2007; Galloway et al., 2008; Bouwman et al., 2013).  74 
The denitrification process occurs through a series of enzymatic steps, each performed by a 75 
specific reductase encoded by narG/napA, nirK/nirS, norB and nosZ genes (Zumft, 1997). 76 
Key process enzymes are nitrite reductase (encoded by nirK or nirS) catalysing the 77 
reduction of NO2- to NO and N2O reductase (encoded by nosZ) converting N2O into inert N2 78 
(Zumft, 1997; Shapleigh, 2013). Graf et al. (2014) confirmed that denitrification is a modular 79 
pathway, with some bacteria possessing the full complement and others lacking genes thus 80 
performing a subset of the pathway being exclusively N2O producers (K and S-denitrifier 81 
types), N2O consumers (Z-types) or capable of both processes (KZ and SZ-types) (Jones et 82 
al., 2013; Graf et al., 2014). In general, denitrification is promoted under anaerobic 83 
conditions, high levels of NO3
-
 and the presence of readily available carbon sources 84 
(Philippot et al., 2007) but overall denitrification rates, and the proportions of N2 and N2O 85 
produced, in soil are affected by the interaction of many environmental factors, such as pH, 86 
water holding capacity, pore structure, carbon and NO3
-
 availability and O2 levels (Morley 87 
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and Baggs, 2010; Attard et al., 2011; Butterbach-Bahl et al., 2013; Hu et al., 2015). Water-88 
filled pore space (WFPS) has been widely used in denitrification studies as it integrates 89 
information about the water content and total porosity of a soil system and has been shown 90 
to be closely related to microbial activity and denitrification-derived N2O emissions, which 91 
increase at levels above 60-70% WFPS (Clayton et al., 1997; Bateman and Baggs, 2005). 92 
 93 
Plants alter denitrification rates in soil via the growth and activity of the root system 94 
(Woldendorp, 1962; Philippot et al., 2013) with increased denitrification in rhizospheric soil 95 
compared to bulk soil (Klemedtsson et al., 1987; Bakken, 1988; Mahmood et al., 1997). 96 
Rhizodeposition has been suggested as the main factor behind this ³UKL]RVSKHUHHIIHFW´ 97 
(Philippot et al., 2007).  It is estimated to account for approximately 11% of the net carbon 98 
fixed by photosynthesis or 27% of the allocated C to the roots (Jones et al., 2009) with 99 
exuded carbon stimulating the denitrifier community by providing a source of electron donor. 100 
Additionally, root respiration and exudation decreases O2 availability, favouring denitrification 101 
(Bateman and Baggs, 2005; Hu et al., 2015). However, the high spatial and temporal 102 
variability of the denitrification process and the many factors affecting plant-microbe 103 
interactions in the rhizospheric soil (Groffman et al., 2009; Giles et al., 2012), have limited 104 
the understanding of the dynamics of this and other soil processes. To date, a handful of 105 
studies have attempted to elucidate the effect of carbon addition on the denitrifier community 106 
(e.g. Murray et al. (2004); Henry et al. (2008); Morley et al. (2014); Giles et al. (2017)). 107 
However, no conclusive links between C input quantity or quality, community dynamics and 108 
denitrification fluxes were demonstrated. Here, we carried out a controlled 7-day soil 109 
microcosm incubation with contrasting target WFPS levels (50, 70, 90%) in which the effect 110 
of daily additions of artificial root exudate (ARE) at variable carbon concentration (0 to 3 mg 111 
C day-1, equivalent to a range between 0x and 2x the normal exudation rate of L. perenne 112 
(Paterson and Sim, 1999) on the denitrifier community size and structure, total denitrification 113 
(N2O + N2) and N2O emission rates in soils was studied in an effort to reveal linkage 114 
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between the amount of C potentially exuded by plants, denitrifier community dynamics and 115 
activity.  116 
 117 
2. Materials and Methods 118 
 119 
2.1. Field soil 120 
A brown forest soil of the Carpow series (Laing, 1976) with a sandy loam texture and a pH 121 
(measured in 0.01 M CaCl2) of 5.95 was collected on April 2013 from an arable field at The 122 
James Hutton Institute (56°27'20"N, 3°04'35"W). Soil characteristics were 60% sand, 25% 123 
silt, 11% clay, 3.68% C and 0.12 % N.  Soil dissolved organic carbon (DOC) was 14.38 ± 124 
2.65 mg kg-1 dry soil. Soil was sieved to 4mm mesh size and stored at 4°C until microcosm 125 
preparation the following week. Moisture content was determined by drying at 105°C. 126 
 127 
2.2. Experimental setup 128 
A fully factorial soil microcosm experiment consisting of three target WFPS levels (50, 70 129 
and 90%) and five root exudate C inputs (0, 0.375, 0.75, 1.5 and 3 mg C day-1) was 130 
established. C input levels selected were equivalent to 0x (water-only control), 0.25x, 0.5x, 131 
1x and 2x the normal exudation rate of the model grass species Lolium perenne, as 132 
previously estimated by Paterson and Sim (1999). Prior to microcosm set-up, potassium 133 
nitrate (KNO3) was added to the soil as a solution and mixed thoroughly to obtain a rate of 134 
100 mg N kg-1 dry soil and water content adjusted to 50% WFPS. The amount of N added is 135 
representative of the recommended fertiliser N addition rates under current UK agricultural 136 
practices (Defra, 2010) and is similar to that used in other developed countries (Potter et al., 137 
2010). Additionally, it also falls within the range of N rates previously shown to stimulate 138 
denitrification and lead to the production of N2O and N2 (Giles et al., 2012; Morley et al., 139 
2014). To establish the microcosms, 120 g dry soil equivalent was added to 150 identical 140 
plastic pots (6.6 cm height x 5 cm diameter) with 10 replicates and packed to a bulk density 141 
of 1.2 g cm-3. Subsequently, water was added as required to establish the 70 and 90% 142 
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WFPS treatments. A completely randomized block design was established in a controlled 143 
temperature room (darkness, 21°C) and pre-incubated for seven days prior to ARE addition.  144 
Additional microcosms were established for each moisture level and sampled upon the start 145 
of the experiment (day 0) to allow the evaluation of changes in community dynamics and soil 146 
parameters between the start and the end of the experiment in water-only (0 C) controls.  147 
 148 
2.3. Artificial root exudate addition 149 
A single artificial root exudate mix containing five sugars (glucose, sucrose, fructose, ribose 150 
and arabinose), five amino acids (glycine, valine, glutamine, serine and alanine) and five 151 
organic acids (malic, citric, malonic, oxalic and fumaric acid) at equimolar C concentrations  152 
was used for the experiment (Paterson et al., 2007). This ARE mix was previously designed 153 
to represent a model mixture of the major chemical classes of carbon compounds (sugars, 154 
amino acids and organic acids) found in plant root exudates (Uren, 2001; Paterson et al., 155 
2007; Dennis et al., 2010). Although amino acids also provided an additional N input to the 156 
system, amino-N accounted for less than 25% of the total N added as KNO3 in the highest C 157 
input treatment. The KNO3 added is known to be sufficient to support unrestricted 158 
denitrification over the time frame of the experiment (Giles et al., 2012), and the amino-N 159 
supplied was not expected to affect or alter this process.  160 
Distinct ARE solutions at the different final C input levels previously mentioned (0 - 3 mg C 161 
ml-1) were prepared daily. After degassing, 1 ml of the corresponding ARE solution for each 162 
treatment was applied to the centre of the soil microcosms using a syringe at a depth of 2 163 
cm depth (simulating root exudation and generating a model ³UKL]RVSKHULF´]RQe in the 164 
centre of the microcosm, Supplementary Fig S1). Microcosms were then immediately 165 
adjusted to the target WFPS by further addition of water to the surface based on the 166 
overnight weight loss from each microcosm. This rapid water adjustment ensured WFPS 167 
changes around the injection zone due to ARE addition were kept to a minimum. ARE 168 
solution application and moisture adjustment were repeated daily for seven days, thus 169 
allowing sufficient time for the bacterial and denitrifier community to be affected by their 170 
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respective C inputs. After this period, gas sampling and soil sampling were carried out to 171 
evaluate the effect of the 7-day ARE application regime on gas emissions and community 172 
dynamics.    173 
 174 
2.4. Gas sampling and analysis 175 
After ARE addition and WFPS adjustment on day 7, microcosms were placed in 500 ml 176 
Kilner jars and sealed. In half the microcosms for each treatment, 10% v/v of the headspace 177 
air was replaced with acetylene (C2H2) to measure total denitrification rates (N2O + N2) by 178 
inhibiting N2O reductase activity. In the remaining half of the microcosms, headspace air was 179 
not modified to allow the measurement of actual N2O emission rates. All microcosms were 180 
then incubated at 21 °C for a 4-hour period after which a 5.9 ml gas sample was taken using 181 
a syringe and placed in a sealed Exetainer® vacuum vial (Labco Limited, Lampeter, UK). 182 
Preliminary tests were run on the same soil and with extremes of treatments to determine 183 
the headspace incubation time for the entire experiment taking samples every 30 minutes for 184 
8 hours. N2O was found to accumulate linearly over 8 hours in this system and a 4-hour 185 
incubation reliably provided measurable N2O concentrations. Although ideally several time 186 
points should be taken our approach was used to allow the high number of samples required 187 
in this experiment (data not shown). Samples were analysed for N2O concentrations using a 188 
75$&(*DV&KURPDWRJUDSK*&ILWWHGZLWKDQHOHFWURQFDSWXUHGHWHFWRU7KHUPR189 
Scientific, Hemel Hempstead, UK) maintained at 300 °C. GC response was calibrated using 190 
certified standard N2O gas mixtures with N2O concentrations of 0.0001, 0.0002, 0.001, 191 
0.0025 and 0.1 % v/v (Scientific & Technical Gases Ltd, Staffordshire, UK). 192 
 193 
2.5. Soil sampling 194 
After gas sampling, each soil microcosm was divided into two separate model compartments 195 
³EXON´DQG³UKL]RVSKHULF´VRLOIRUVXEVHTXHQWDQDO\VHV$FRUHRIFPGLDPHWHUDQGFP196 
depth around the ARE application point was taken to represent the model ³UKL]RVSKHULF´VRLO197 
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while the remaining soil represented the model ³EXON´VRLO(Supplementary Fig S1). Each soil 198 
compartment was homogenised within each microcosm, and 1.5 g subsamples taken and 199 
stored at -80 °C for DNA extraction. The remaining soil was stored at 4 °C prior to chemical 200 
analyses. Preliminary experiments using methylene blue dye as a tracer suggested that ARE 201 
added during the experiment SUHGRPLQDQWO\UHPDLQHGLQWKH³UKL]RVSKHULF´]RQH 202 
 203 
2.6. Soil chemical analyses 204 
Soil samples were extracted with 1M of KCl solution and analysed for inorganic N (NO3-N 205 
and NH4-N) and dissolved organic carbon (DOC) using a Konelab Aqua 20 Chemistry 206 
Analyzer (Thermo Scientific, Hemel Hempstead, UK) and a 1010 OI Total Organic Carbon 207 
Analyser (OI Analytical, TX, USA), respectively. Separately, pH was measured in 0.01M 208 
CaCl2 using a MP220 pH meter (Mettler-Toledo GmbH, Switzerland) and moisture content 209 
was assessed by drying at 105°C for 24 hours (Hendershot et al., 2008).  210 
 211 
2.7. DNA extraction and community analyses  212 
Total DNA was extracted from ³rhizospheric´ and ³bulk´ soil samples in a 96-well format 213 
using a phenol/chloroform extraction method as described in Deng et al. (2010) with addition 214 
of an internal reference DNA target. Terminal Restriction Fragment Length Polymorphism (T-215 
RFLP) and relative real time PCR were used to assess changes in community structure and 216 
size for the total bacterial community (16S rRNA) and the denitrifier community (nirS, nirK, 217 
nosZ-I and nosZ-II denitrification genes). Due to the large number of samples processed (5 218 
targeted genes x 300 samples), T-RFLP was selected for this study due to its cost-effective, 219 
high sample throughput nature and its ability to produce highly comparable community 220 
structure results to next generation sequencing technologies (Camarinha-Silva et al., 2012; 221 
Pilloni et al., 2012). 222 
For T-RFLP, gene fragments were amplified using the labelled primers and cycling 223 
conditions described in Supplementary Table S1. A nested PCR approach was required for 224 
nirK and nirS, while 16S, nosZ-I and nosZ-II were amplified in a single step. Each 15 µl PCR 225 
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reaction mix contained the following reagents: 1X PCR reaction buffer (Invitrogen, Carlsbad, 226 
CA), 1.5 mM MgCl2, 0.4 µM of each primer, 0.2 mM of each dNTP, 0.4 µg/µl of BSA, 1 U of 227 
Platinum® Taq DNA Polymerase (Invitrogen) and 1 µl of a 1:10 dilution of extracted total 228 
genomic DNA or first round product. T-RFLP was conducted by subjecting the final round 229 
PCR product to restriction enzyme digestion using AluI for 16S, HaeIII for nirK, AvaI for nirS, 230 
BsaJI for nosZ-I and Hpy188III for nosZ-II selected through preliminary analyses of a 231 
restricted sample set. Restriction separation and post run analysis in GeneMapper® v 3.7 232 
(Applied Biosystems, CA, USA) were as described in Cooper et al. (2011).  233 
For relative real time PCR, 16S rRNA, nirK, nirS, nosZ-I and nosZ-II gene copy numbers 234 
were quantified using the added reference target as described in Daniell et al. (2012). The 235 
primer pairs and reaction conditions used are shown in Supplementary Table S1. Primer 236 
pairs selected have been consistently used to date in the literature for qPCR amplification of 237 
the different denitrifier groups (Jones et al., 2013; Domeignoz-Horta et al., 2015; Zhao et al., 238 
2017). All amplifications were performed using the SYBR green I master mix (Roche, 239 
Burgess Hill, UK) under recommended conditions, 0.5 µM of each primer and 0.3 µg/µl of 240 
BSA on a Lightcycler® 480 Real time PCR system (Roche) with associated relative 241 
quantification software. Standard curves were generated using linearised plasmids 242 
containing gene fragments of interest from model organisms (E. coli for 16S, Paracoccus 243 
denitrificans for nirS, Sinorhizobium meliloti for nirK and nosZ-I, and an environmental clone 244 
for nosZ-II). The environmental clone sequence used as reference to generate the standard 245 
curve for nosZ-II has been deposited to the GenBank (NCBI) sequence database under 246 
accession number MG495619.    247 
 248 
2.8 Data analyses 249 
All statistical analyses were carried out using Genstat 16th edition (VSN International, Hemel 250 
Hempstead, UK), except the multivariate analysis of T-RFLP data, for which the vegan 251 
package (version 2.4.0) (Oksanen et al., 2016) in R was used (R Core Team, 2016).  252 
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ANOVA was used to determine the significance of WFPS, C Input and Compartment effects 253 
on gas emissions, soil chemical data, relative real time PCR gene copy number data and 254 
principal coordinate scores from the T-RFLP analysis. Total denitrification rates (N2O + N2), 255 
N2O emission rates and NH4-N data were log transformed prior to ANOVA in order to 256 
DFKLHYHDQDSSUR[LPDWH*DXVVLDQGLVWULEXWLRQ7KHµ%ORFN3RW¶EORFNVWUXFWXUHZDVXVHGLQ257 
ANOVA when the Compartment factor was present, to account for the nested structure of 258 
the experimental design. For the T-RFLP data analysis, relative abundance matrices were 259 
ORJWUDQVIRUPHGXVLQJWKHµGHFRVWDQG¶IXQFWLRQLQYHJDQ and then subjected to principal 260 
coordinate analysis (PCoA) using the alternative Gower dissimilarity matrix (Anderson et al., 261 
2006) DVLPSOHPHQWHGLQWKHµYHJGLVW¶IXQFWLRQ 262 
 263 
3. Results 264 
 265 
3.1. Soil physico-chemical analyses 266 
DOC, NO3-N, NH4-N, pH and soil water content data for the microcosms at the end of the 267 
experiment are summarised in the below subsections and in Fig 1, Supplementary Fig S2 268 
and Supplementary Tables S2 and S3. Additional analyses assessing these parameters for 269 
water-only controls and day 0 samples, showed no changes in most parameters except 270 
DOC and NO3-N, which are discussed below (see Supplementary Information for a detailed 271 
description for details). Additionally, acetylene addition was shown to have no significant 272 
effect on any measured parameter.   273 
 274 
3.1.1. Dissolved organic carbon (DOC) 275 
At the end of the experiment, equal or lower DOC values to those found at day 0 were 276 
observed for all treatments, despite the high C amounts supplied in the ARE (Fig 1A). A 277 
compartment effect was observed, with ³rhizospheric´ soil having lower DOC values than 278 
³bulk´ soil (p<0.001) at the end of the experiment (Supplementary Table S2). Additionally, 279 
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WFPS was also significant (p<0.001) with lower DOC values for the 50% treatment than 280 
those observed for 70% and 90%.   281 
 282 
3.1.2. Nitrate (NO3-N)  283 
NO3-N levels in the water-only controls were the same as those observed in day 0 for the 90 284 
and 70% WFPS, but showed a significant decrease (p<0.01) at 50% WFPS (84.21 ± 3.0 mg 285 
kg-1). When C was supplemented in the ARE, NO3-N showed a highly significant decline 286 
(p<0.001) at 90% WFPS as C input increased while the other treatments showed no overall 287 
variation (Fig 1B and Supplementary Table S2). This effect was strongest in the 288 
³UKL]RVSKHULF´VRLOIURP§WRPJ N kg-1 dry soil) but ³bulk´ soil also showed a 289 
significant decrease in NO3-N levels as C amount increased. 290 
 291 
3.1.3. Ammonium (NH4-N)  292 
At the end of the experiment, the ³rhizospheric´ soil in all treatments showed higher NH4-N 293 
levels than ³bulk´ soil as C and amino acid input increased (p<0.001) (Supplementary Table 294 
S2). Although net N mineralisation was observed, final ammonium levels in the 295 
³rhizospherLF´VRLOV were much lower than nitrate levels for all treatments (Supplementary Fig 296 
2A), with the highest values observed at 50% (32 mg N kg-1 dry soil) and 90% WFPS (21 N 297 
kg-1 dry soil) for 3 mg C day-1 input, while all other treatments had values below 10 mg N kg-1 298 
dry soil (Supplementary Table S3).  299 
 300 
3.1.4. pH and water content 301 
A small but significant pH rise (p<0.001) in the ³UKL]RVSKHULF´VRLODW:)36 was 302 
observed (6.02 to 6.32) as C input increased (Supplementary Fig 2B and Table S2). For all 303 
other treatments, pH remained unchanged from the water-only controls. WFPS of the 304 
microcosms averaged 46, 65 and 81 % at the end of the experiment, slightly lower than the 305 
respective targets of 50, 70 and 90% WFPS indicating a small but substantial drying of the 306 
microcosms during gas and soil sampling. Minor but significant differences (<2% WFPS) 307 
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were found among some treatments between ³bulk´ and ³rhizospheric´ soil (Supplementary 308 
Fig 2C).  309 
 310 
3.2. Total denitrification (N2O and N2) and N2O emissions rates  311 
Total denitrification rates assessed using the acetylene inhibition technique showed 312 
denitrification activity was very low (<1.5 ng N2O-N g dry soil-1 h-1) in the water-only controls 313 
and all the 50 and 70% WFPS treatments (Fig 2A). Significant denitrification rates were only 314 
observed at the 90% WFPS treatment and increased with C input (p<0.001) (ranging from 315 
17.9 to 118.2 ng N2O-N g dry soil-1 h-1) (Fig 2A and Table S2).  316 
Comparable to the denitrification rates result, the water-only controls and 50 and 70% WFPS 317 
treatments showed no significant N2O emission rates (Fig 2B). Significant although highly 318 
variable N2O emission rates were only observed at 90% WFPS after C addition (p<0.05, 319 
Table S2), ranging from 6.5 to 27.6 ng N2O-N g dry soil-1 h-1 and increasing with C 320 
concentration. N2O emission rates at 90% WFPS were 3-4 times lower than total 321 
denitrification rates and more variable (Fig 2B). As actual WFPS at the time of soil sampling 322 
differed from the target WFPS, linear regression of actual WFPS against both total 323 
denitrification rates and N2O emission rates was performed. The test was performed with all 324 
target WFPS and C treatments were included in this analysis and with each WFPS treatment 325 
separately. There was no significant relationship between WFPS and either total 326 
denitrification rates or rates of N2O emission. 327 
 328 
3.3. Soil microbial community structure and size 329 
The results of the denitrifier and general microbial community size and structure analyses, 330 
performed using relative real time PCR and T-RFLP, respectively, are summarised in Fig 3, 331 
Tables 1 and 2 and Supplementary Tables S4 and S5. Similarly to the physico-chemical 332 
parameters measured, microbial community data in the water-only controls showed no 333 
significant differences to the values from day 0 (Supplementary Information).  334 
 335 
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3.3.1. Total bacterial community (16S rRNA) 336 
The two-way interactions Compartment × C input (p<0.001) and Compartment × WFPS 337 
(p<0.01) (Table 1) were highly significant for the 16S rRNA gene copy number at the end of 338 
the experiment and were driven by a marked increase in ³rhizospheULF´VRLO gene copy count 339 
with C input (Fig 3A). This GLGQRWRFFXULQ³EXON´VRLOV. At the highest C input (3 mg C day-1), 340 
³rhizospherLF´VRLO gene copy numbers were significantly different between WFPS levels, 341 
with 50% WFPS showing a higher copy number (mean 3.90 x 109 copies g-1 dry weight soil), 342 
than 70% (3.0 x 109 copies g-1 dry weight soil) and 90% WFPS (2.7 x 109 copies g-1 dry 343 
weight soil). PCoA analysis of the 16S rRNA T-RFLP data revealed significant differences in 344 
bacterial community structure (Fig 3B, Table 2). Both PC1 (16% of variation) and PC2 (12% 345 
of variation) showed a significant three-way interaction (p<0.001) driven by ³rhizospheric´ 346 
soils responding to C input differently between WFPS levels while ³bulk´ soils did not vary 347 
from water-only controls. In PC2, significant separation between the 90, 70 and 50% WFPS 348 
rhizospheric soils can be observed (p<0.001). In PC1, increasing separation from the water-349 
only controls can be observed in the rhizospheric soils as C input increases (p<0.001).  350 
 351 
3.3.2. Nitrite-reducing community (nirS and nirK) 352 
The two groups of nitrite reducers (nirS and nirK) responded differently to C addition.  353 
The effect of C addition and WFPS on the nirS community was much more pronounced than 354 
in nirK (Fig 3C-3F). All the interactions and their main factors had strong effects on the nirS 355 
FRS\QXPEHUS7DEOH7KHVHUHVSRQVHVZHUHGULYHQE\³UKL]RVSKHULF´VRLOFRS\356 
number being differently affected at the three WFPS levels as C input increased (Fig 3E). 357 
The strongest effect was observed at 90% WFPS, with 3.2, 5.5 and 6-fold increase in nirS 358 
copy numbers with higher C input (0.75, 1.5 and 3 mg C day-1, respectively) compared to the 359 
control. In these treatments, the nirS/nirK ratio was shifted with nirS numbers surpassing 360 
those of nirK (1.5, 1.7 and 2.4-fold), contrary to that observed in the controls. PCoA analysis 361 
of the nirS T-RFLP showed that PC1 (14% of variation) and PC3 (7% of variation) had 362 
strong effects in community structure in relation to three main factors and all their two-way 363 
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interactions (Fig 3F and Table 2),Q3&³UKL]RVSKHULF´VDPSOHVDWDQG:)36364 
VKRZHGVLJQLILFDQWVHSDUDWLRQIURP³EXON´DQGZDWHU-only samples at C inputs above 0.75 mg 365 
C day-1 (p<0.05), but 9GLGQRW,QFRQWUDVWLQ3&LWLVWKH³UKL]RVSKHULF´VDPSOHVDW366 
C inputs above 0.375 mg C day-1 that show significant separation from the rest of the 367 
samples (p<0.05).  368 
In contrast, the nirK community showed moderate to minor changes in size and structure 369 
(Fig 3C and 3D). the interaction Compartment × WFPS (p<0.05) was shown to have a 370 
significant effect on nirK copy numbers (Table 1). Upon examination, this can be attributed to 371 
differences in copy number at the different WFPS in the ³bulk´ soil samples despite high 372 
variation (Fig 3C). PCoA analysis of nirK T-RFLP data showed the most significant effects of 373 
C and WFPS were found in PC1 and PC3 (13 and 7% of the variation, respectively) although 374 
they were mostly driven by the distinct and unsystematic response of different WFPS and 375 
compartment treatments to C input. In both PCs, the most relevant response observed is an 376 
RYHUDOOVHSDUDWLRQEHWZHHQ³EXON´DQG³UKL]RVSKHULF´VDPSOHV (p<0.001), however this effect 377 
is not uniform to all treatments. 378 
 379 
3.3.3. N2O-reducing community (nosZ-I and nosZ-II) 380 
The effect of C addition on the community dynamics of the two nosZ gene clades was also 381 
contrasting, with nosZ-I responding strongly to C addition while nosZ-II remained mostly 382 
unaffected (Fig 3G-3J). All interactions and main factors had significant effects on nosZ-I 383 
gene copy number (p<0.001) (Table 1). Responses were driven by rhizospheric soil being 384 
differently affected by increases in C input across WFPS (Fig 3G). The strongest response 385 
to C input was at 50% WFPS, followed by 70% and 90%. At 3 mg C day-1, the three WFPS 386 
levels showed significantly different copy numbers (p<0.001), with 50% WFPS at 6.20 x 107 387 
copies g-1 dry weight soil, followed by 70% (4.76 x 107 copies g-1 dry weight soil) and 90% 388 
(2.48 x 107 copies g-1 dry weight soil). These values represented a 9.5, 4.9 and 4.4-fold 389 
increase from the water-only controls, respectively. NosZ-II community size showed minor 390 
changes in response to ARE (Fig 3I). WFPS was the only factor affecting gene copy number 391 
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(p<0.05) (Table 1), with 70% WFPS having significantly higher values (2.18 x 107 copies g-1 392 
dry weight soil) than 50 or 90% WFPS (1.91 x 107 copies g-1 dry weight soil and 1.84 x 107 393 
copies g-1 dry weight soil, respectively). In the nosZ-I T-RFLP data, PC1 (18% of variation) 394 
showed community structure effects connected mainly to WFPS (p<0.001) and the three-395 
way interaction (p<0.01), while in PC3 (6.32% of variation) the Compartment effect was 396 
strongest (p<0.001) (Table 2). In PC1, clear separation between 90% WFPS and the other 397 
two WFPS treatments can be observed (Fig 3H). Meanwhile, in PC3, ³bulk´ and 398 
³rhizospheric´ samples show clear separation (p<0.001) while 50% WFPS samples also 399 
show lower values in this component than 90% and 70% (p<0.001). NosZ-II T-RFLP data 400 
showed very minor or no significant effects (Table 2). In both PC1 (18% of variation) and 401 
PC2 (14%), there was no significant separation pattern between water-only controls and 402 
most ³bulk´ and ³rhizospheric´ samples at the different WFPS levels (Fig 3J).  403 
 404 
4. Discussion 405 
 406 
Several studies have GHPRQVWUDWHGD³UKL]RVSKHUHHIIHFW´RQ denitrification rates, with 407 
Woldendorp (1962) being the first comprehensive study to show that the living root system 408 
increased the amount of N lost via denitrification in grassland soils. Subsequently, other 409 
work has confirmed the generality of this effect in different plants groups (Bakken, 1988) and 410 
quantified the increase in denitrification activity both in microcosm experiments 411 
(Klemedtsson et al., 1987; Philippot et al., 2006) and at the field scale (Mahmood et al., 412 
1997).  While several explanations have been suggested for this effect, such as changes in 413 
oxygen pressure caused by the roots via respiration and changes in water content, carbon 414 
and nitrogen availability via rhizodeposition (Philippot et al., 2013), the individual effects of 415 
these factors have been difficult to separate. To date, a clear understanding of the effects of 416 
carbon addition from root exudates on denitrifier community dynamics and their subsequent 417 
influence on N2O production remains elusive. To our knowledge, two studies have attempted 418 
to use artificial exudate addition to isolate effects of carbon release in soil. Mounier et al. 419 
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(2004) studied the effects of adding maize mucilage on soil denitrification rates and narG 420 
nosZ-I diversity using RFLP and clone libraries, while Henry et al. (2008) investigated the 421 
effect of four different ARE solutions on denitrification activity, N2O emissions and narG, 422 
napA, nirK, nirS and nosZ-I community dynamics.  Both studies observed a strong increase 423 
in denitrification rates but minor changes of the denitrifier community dynamics, prompting 424 
the suggestion by the authors that carbon was not a strong driver of soil denitrifier structure 425 
and abundance (Philippot et al., 2007). Here, a short-term microcosm experiment evaluated 426 
changes in soil community dynamics with daily ARE addition. In contrast to previous 427 
attempts, different target WFPS levels were included as well as ARE with different total C 428 
additions allowing a variable set of conditions with a higher opportunity to detect differences. 429 
The rationale behind the selected target WFPS levels was to yield highly aerobic (50% 430 
WFPS), low oxygen (70%) and largely anaerobic (90%) systems providing a range of 431 
conditions from the unfavourable to optimal for denitrification activity. By using an ARE 432 
model system, plant effects (e.g. oxygen reduction via respiration, root architecture, nutrient 433 
uptake, variation in exudate amount and quality) were removed allowing evaluation of 434 
exudate carbon effects in isolation.  435 
The soil used in the experiment had a moderate to low total C content (approx. 3.6%) which 436 
lies within the normal C range found in Scottish arable soils (Lilly et al., 2012). C supplied 437 
during the experiment would therefore greatly stimulate soil microbial activity. Soil DOC 438 
levels measured before and after the 7-day incubation showed the readily available carbon 439 
added in the ARE was fully utilised (Fig 1A), as previously seen in other studies in which 440 
carbon compounds added to soil are quickly consumed within hours of being added  441 
(Gilmour and Gilmour, 1985; Giles et al., 2017). The significantly lower values in the 442 
³rhizospheric´ soil when compared with ³bulk´ soil would also suggest a possible positive 443 
priming effect on C utilisation (Cheng, 2009; Wang et al., 2016), although this effect was 444 
minor.   445 
Microbial community analyses provided conclusive evidence that C addition drives changes 446 
in total bacteria and denitrifier community size and structure. A highly dynamic, differential 447 
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response to C input was observed among the four functional targets studied, with nirS and 448 
nosZ-I shown to be much more responsive than nirK and nosZ-II to C addition. Moreover, 449 
contrasting community changes were observed depending on the abiotic conditions (WFPS). 450 
Strongest effects were observed at microcosms watered to 50% and 90% target WFPS with 451 
high C input suggesting that previous attempts, using microcosms at 70% WFPS, may have 452 
been too variable in oxygen status to affect denitrifier community dynamics significantly 453 
especially without the tight localisation of exudates undertaken here. 454 
While WKH³rhizospherLF´ nirK community size showed a moderate response to ARE addition 455 
(Fig 3C), the ³UKL]RVSKHULF´nirS community was strongly stimulated as C input increased, 456 
particularly under anaerobic conditions (90% target WFPS) (Fig 3E) which was distinct from 457 
the greater response of the total bacterial community (16S) at lower target WFPS levels. 458 
Analysis of community structure showed that changes were again more pronounced in nirS 459 
than nirK, showing a distinct community shift between aerobic or partially aerobic (50 and 460 
70% WFPS) and predominantly anaerobic conditions (90%). Niche differentiation between 461 
nirK and nirS denitrifiers has been suggested with differential response to environmental 462 
factors such as pH, N and P availability, Cu soil content and moisture (Priemé et al., 2002; 463 
Enwall et al., 2010; Hamonts et al., 2013; Xie et al., 2014; Ma et al., 2016). This study 464 
confirms that nirS denitrifiers are sensitive to C addition under anaerobic conditions when N 465 
supply is abundant with copy numbers enriched at 90% WFPS relative to both total bacteria 466 
and nosZ genes, demonstrating selection of denitrifier populations that can produce but not 467 
consume N2O (S-type denitrifiers). Similar results where the nirS community responded 468 
strongly to exudation under anoxic conditions has been observed in the rhizosphere of 469 
wheat (Hamonts et al., 2013), and maize (Florio et al., 2017). The underlying reasons for the 470 
strong effect of C on the nirS community need to be studied further but could be that this 471 
subgroup contains several copiotrophic bacterial taxa which thrive at anaerobic conditions 472 
(Hamilton et al., 2015). A differentiated response to ARE addition was also observed 473 
between the two clades of nosZ, with nosZ-I community dynamics being strongly affected by 474 
C input, while the nosZ-II community was virtually unresponsive. NosZ-I community size 475 
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responded in a similar manner to the general bacterial community (with the largest size 476 
increase occurring at lower WFPS) although with a stronger response in nosZ-I with a 477 
consequent enriching effect. NosZ-I community structure changes were similar to those of 478 
16S and nirS, shifting into separate directions between aerobic or partially aerobic (50 and 479 
70% target WFPS) and mostly anaerobic (90%), indicating selection within the community in 480 
response to C and abiotic conditions. The recent characterisation of nosZ-II limits the 481 
available knowledge of this clade but Jones et al. (2014) and Domeignoz-Horta et al. (2015) 482 
have suggested niche partitioning between the clades, with the nosZ-I community being 483 
more sensitive to changes in soil textural factors (e.g. SOM, C/N ratio) than nosZ-II, and 484 
nosZ-II being more responsive to changes in pH and agricultural practices than nosZ-I. This 485 
study provides further evidence of partitioning driven by response to C addition. 486 
For the measurement of total denitrification rates (N2O + N2), the acetylene block method 487 
was used (Tiedje et al., 1989). Although this method is known to have some limitations, such 488 
as the potential for C2H2 to be used as a carbon source for denitrification (Butterbach-Bahl et 489 
al., 2013), the absence of denitrification activity in the water-only controls indicates that over 490 
the short incubation time of the experiment there was no acetylene effect. N2O emissions 491 
and total denitrification rates (N2O + N2) at 50 and 70% target WFPS showed no significant 492 
denitrification activity or N2O production from other sources (e.g. nitrification). Soil chemical 493 
analyses (Fig 1 and Supplementary Fig S2) suggested that the absence of denitrification 494 
activity and N2O production was not driven by shifts towards unfavourable pH or nitrate 495 
limitation, as nitrate after the 7-day experiment was abundant and relatively stable at all C 496 
addition levels for these target WFPS. No denitrification activity was expected at 50% target 497 
WFPS, where aerobic respiration would be favoured due to high oxygen availability (Zumft, 498 
1997; Hu et al., 2015). However, at 70% target WFPS we expected to observe denitrification 499 
activity as previous studies have reported this WFPS level as conducive to denitrification and 500 
N2O production (Bateman and Baggs, 2005; Ullah et al., 2005). The absence of 501 
denitrification at 70% target WFPS was surprising but could be linked to the water loss 502 
observed by the water content at sampling, as strong reductions in activity have been 503 
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observed when WFPS drops from 70 to 60% WFPS (Dobbie and Smith, 2001; Bateman and 504 
Baggs, 2005). Denitrifier community size and structure changes observed at lower WFPS 505 
levels demonstrate this facultative functional group is highly dynamic even when the 506 
community is respiring aerobically. Observed changes in size and structure were a result of 507 
growth from aerobic respiration with nosZ-I type denitrifiers being more effective than other 508 
types when competing for C with other aerobic bacteria and increasing their ratio when 509 
compared to 16S after ARE addition (Supplementary Table S5). Further research is required 510 
to determine whether denitrifier community changes occurring at aerobic conditions have an 511 
impact on N2O emissions and denitrification activity as a system transiently shifts to an 512 
anaerobic state due to, for example, rain events or flooding.  513 
Significant total denitrification rates (N2O + N2) were only observed in the 90% target WFPS 514 
treatment (Fig 2A) where activity was expected to be high as the system was mostly 515 
anaerobic. High rates were driven by C addition, relieving limitation under anaerobic 516 
conditions as previously suggested (Philippot et al., 2007; Philippot et al., 2013). 517 
Denitrification activity was also reflected in the soil chemical analyses of the rhizospheric 518 
soil, which showed a small pH increase (likely caused by conversion of OH- ions produced in 519 
denitrification to bicarbonate/carbonate ions (Drtil et al., 1995)) and a strong decrease in 520 
NO3-N levels as C input increased (Fig 1B). Actual N2O emission rates measured at 90% 521 
target WFPS, demonstrate that most of the N2O produced by denitrification was being 522 
converted to N2 although the large variation suggests that this conversion is not uniform 523 
potentially due to spatial variability in structure driving variation in nitrous oxide reductase 524 
activity (Morley and Baggs, 2010; Giles et al., 2012) 525 
Comparison of the community dynamics information with total denitrification and N2O 526 
emission rates at 90% target WFPS suggests a connection between the strong 527 
³rhizospherLF´ nirS community dynamics shift and the flux observed with C input. Although 528 
nosZ-I and nirK communities also showed important community dynamics shifts, the nirS 529 
response was more pronounced resulting in an enrichment of denitrifiers possessing nirS but 530 
neither nosZ clade (1.38 ratio total nosZ:nirS at 90%WFPS with no carbon added vs. 0.46 531 
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with highest carbon addition) (Supplementary Table S5). It is possible that his enrichment in 532 
near nirS may be indicative of an increase in S-type denitrifiers, if so it is unclear if this is 533 
transient and decreases to its initial level once C is no longer supplied or if these changes 534 
remain in the long term.  535 
 536 
Having established a clear response between C addition, changes in community dynamics 537 
and flux, further work will need to understand the generality of the response across soil types 538 
and how it is moderated by other factors such as the C composition of root exudates, C/N 539 
balance and land use history. Additionally, the interaction of this effect with other root/plant-540 
related changes in the rhizosphere (formation of biofilm and mycorrhizal networks, 541 
secondary metabolite signalling, water uptake and root respiration) could affect the results 542 
observed and experiments including plant systems should be performed to determine the 543 
UHDOVLJQLILFDQFHRI&UHOHDVHLQD³WUXH´UKL]RVSKHULF]RQH+RZHYHUGHVSLWHWKHVHOLPLWDWLRQV544 
these findings of our study could have important implications, especially under conditions 545 
with poor N2O sink capacity where N2O production may be higher than consumption. 546 
 547 
4.1. Conclusions 548 
For denitrification the response and sensitivity of the different gene complement 549 
communities to C addition is distinct at different target WFPS. NirS containing denitrifiers in 550 
particular appear to be strongly stimulated by C input when denitrification conditions are 551 
optimal. We suggest that the differences in soil microbial communities between our 552 
treatments are not solely structural but that they can have an impact on soil processes, as 553 
shown by the differences in denitrification rates and N2O emissions observed. Increased 554 
understanding at this fundamental level helps reveal the interaction between microbial 555 
communities, the abiotic environment and process rates which can inform management 556 
practices aimed at increasing complete denitrification aiding control of greenhouse gas 557 
production from agriculture.  558 
 559 
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7. Tables 791 
 792 
Table 1.  P-values for the main effects of the different treatments (Compartment, C Input, 793 
and WFPS) and their interactions for relative real time PCR gene copy number estimation 794 
(16S, nirK, nirS, nosZ-I and nosZ-II) as determined by three-way ANOVA. Significance level 795 
of p-values is indicated as follows: *** = p<0.001, ** = p<0.01, * = p<0.05, n.s. = p>0.05 (not 796 
significant).  797 
 798 
 DF  16S  nirK  nirS  nosZ-I  nosZ-II 
            
Compartment 1  ***  ***  ***  ***  n.s. 
C Input 4  ***  *  ***  ***  n.s. 
WFPS 2   ***  *  ***  ***  * 
Compartment × C Input 4  ***  n.s.  ***  ***  n.s. 
Compartment × WFPS 2  **  *  ***  ***  n.s. 
C input × WFPS 8  n.s.  n.s.  ***  ***  n.s. 
Compartment × C input × WFPS 8  n.s.  n.s.  ***  ***  n.s. 
 799 
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Table 2. P-values for the main effects of the different treatments (Compartment, C Input, and 814 
WFPS) and their interactions for T-RFLP principal component scores (PC 1 through PC 5) 815 
as determined by three-way ANOVA. Significance level of p-values is indicated as follows: 816 
*** = p<0.001, ** = p<0.01, * = p<0.05, n.s. = p>0.05 (not significant).  Percent of total 817 
variation explained by each principal component is indicated.    818 
 819 
 
  Principal Component 
 
DF  1  2  3  4  5 
 
16S 
           
Compartment 1  ***  ***  n.s.  n.s.  n.s. 
C Input 4  ***  **  n.s.  n.s.  n.s. 
WFPS 2  **  ***  ***  **  *** 
Compartment × C Input 4  ***  ***  n.s.  n.s.  n.s. 
Compartment × WFPS 2  ***  ***  ***  ***  *** 
C input × WFPS 8  n.s.  ***  n.s.  *  ** 
Compartment × C input × WFPS 8  **  ***  n.s.  n.s.  n.s. 
% Variation explained by PC   16.25  12.75  8.18  7.33  6.87 
 
nirK 
           
Compartment 1  ***  ***  ***  n.s.  n.s. 
C Input 4  *  n.s.  **  n.s.  ** 
WFPS 2  n.s.  n.s.  ***  n.s.  *** 
Compartment × C Input 4  ***  n.s.  **  ***  n.s. 
Compartment × WFPS 2  *  n.s.  ***  **  n.s. 
C input × WFPS 8  n.s.  n.s.  n.s.  n.s.  n.s. 
Compartment × C input × WFPS 8  ***  *  n.s.  **  n.s. 
% Variation explained by PC   13.05  9.56  7.84  6.63  5.02 
 
nirS  
           
Compartment 1  ***  n.s.  *  n.s.  n.s. 
C Input 4  ***  n.s.  n.s.  n.s.  n.s. 
WFPS 2  ***  ***  ***  n.s.  n.s. 
Compartment × C Input 4  ***  n.s.  ***  n.s.  n.s. 
Compartment × WFPS 2  **  n.s.  ***  n.s.  n.s. 
C input × WFPS 8  ***  n.s.  *  n.s.  * 
Compartment × C input × WFPS 8  n.s.  n.s.  n.s.  n.s.  n.s. 
% Variation explained by PC   14.14  10.21  7.30  5.93  4.91 
 
nosZ-I 
           
Compartment 1  n.s.  n.s.  ***  ***  n.s. 
C Input 4  **  ***  n.s.  n.s.  ** 
WFPS 2  ***  n.s.  ***  n.s.  n.s. 
Compartment × C Input 4  n.s.  n.s.  n.s.  n.s.  ** 
Compartment × WFPS 2  **  n.s.  n.s.  *  * 
C input × WFPS 8  *  ***  n.s.  **  n.s. 
Compartment × C input × WFPS 8  **  *  n.s.  *  n.s. 
% Variation explained by PC   18.52  10.86  6.32  5.93  5.47 
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nosZ-II 
           
Compartment 1  n.s.  n.s.  n.s.  n.s.  n.s. 
C Input 4  n.s.  n.s.  n.s.  *  n.s. 
WFPS 2  n.s.  n.s.  n.s.  n.s.  n.s. 
Compartment × C Input 4  n.s.  n.s.  n.s.  n.s.  n.s. 
Compartment × WFPS 2  n.s.  n.s.  n.s.  n.s.  * 
C input × WFPS 8  *  n.s.  n.s.  n.s.  n.s. 
Compartment × C input × WFPS 8  n.s.  *  **  n.s.  n.s. 
% Variation explained by PC   18.02  13.95  9.82  7.83  6.55 
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8. Figure captions 845 
 846 
Figure 1. Interaction plots showing dissolved organic carbon (A) and NO3-N (B) data for the 847 
³bulk´and model ³rhizospheric´ soil compartments after daily addition of ARE (0 to 3 mg C 848 
day-1) for 7 consecutive days at 50, 70 and 90% WFPS. Filled symbols () represent 849 
³rhizospheric´ soil and empty symbols ³bulk´ soil (). The different WFPS levels are given by 850 
the symbol shape (50%: , 70%: z and 90%: S). Error bars indicate the 5% )LVKHU¶V851 
protected LSDs calculated using ANOVA. 852 
 853 
Figure 2. Interaction plots showing total denitrification rates (A) and N2O emission rates (B) 854 
for the different soil microcosm treatments after daily addition of ARE (0 to 3 mg C day-1) for 855 
7 consecutive days at 50 (), 70 (z) and 90% (S) WFPS. Measurements were taken for the 856 
whole microcosm before they were destructively separated into ³rhizospheric´ and ³EXON´ soil. 857 
Error bars indicate the 5% LSDs calculated using ANOVA.   858 
 859 
Figure 3. Gene copy number and PCoA analysis of the 16S rRNA (A,B), nirK (C,D), nirS 860 
(E,F), nosZ-I (G,H) and nosZ-II (I,J) genes in the EXON´ and ³rhizospheric´ soil compartments 861 
after daily addition of ARE (0 to 3 mg C day-1) for 7 consecutive days at 50, 70 and 90% 862 
WFPS. For the gene copy number data, filled symbols () represent rhizospheric soil and 863 
empty symbols bulk soil (). The different WFPS levels are given by shape (50%: , 70%: 864 
z and 90%: S). In the PCoA analysis plots, the same symbol convention was used with the 865 
addition of different colours to indicate the C input added (mg C day-1 0: , 0.375: , 0.75: 866 
, 1.5:  and 3.0: ). Error bars indicate the 5% )LVKHU¶VSURWHFWHGLSDs calculated using 867 
ANOVA.  Percentage variation accounted for by each PC is indicated in parentheses in 868 
PCoA plots.  869 
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9. Supplementary Information  879 
 880 
The following Supporting Information is available for this article: 881 
 882 
Figure S1. Schematic representation of the soil microcosm setup used in the experiment.  883 
 884 
Figure S2. Interaction plots showing NH4-N (A), pH (B), and WFPS (C) data for the ³bulk´ 885 
and ³rhizospheric´ soil compartments after daily addition of ARE (0 to 3 mg C day-1) for 7 886 
consecutive days at 50, 70 and 90% WFPS. 887 
 888 
Table S1. Primer pairs and reaction conditions used for T-RFLP and relative real time PCR 889 
analysis. 890 
 891 
Table S2. P-values for the main effects of the different factors (Compartment, C Input, and 892 
WFPS) and their interactions for the different physicochemical parameters measured as 893 
determined by three-way ANOVA. 894 
 895 
Table S3. Soil physicochemical data (NH4-N, NO3-N, moisture, pH and DOC) for the ³bulk´ 896 
and ³rhizospheric´ compartments after daily addition of ARE (0 to 3 mg C day-1) for 7 days at 897 
50, 70 and 90% WFPS. 898 
 899 
Table S4. Gene copy number of the 16S rRNA, nirK, nirS, nosZ-I and nosZ-II genes in the 900 
³bulk´ and ³rhizospheric´ soil compartments. 901 
 902 
Table S5. Gene ratios of the different denitrification genes studied when compared to 16S 903 
rRNA in the ³bulk´and ³rhizospheric´ soil compartments. 904 
 905 
 906 
 907 
 908 
 909 
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